Past studies have shown that purine analogs block certain, but not all, responses of cultured rat PC12 pheochromocytoma cells to nerve growth factor (NGF). In the present work, newborn rat sympathetic and sensory neurons were exposed to NGF in the presence or absence of the purine analogs 6-thioguanine and 2-aminopurine. These compounds reversibly suppressed NGF-dependent neurite outgrowth by the neurons and did so at concentrations comparable to those effective on PC1 2 cells. In contrast to their effects on neurites, neither compound significantly blocked NGF-promoted neuronal survival. Similar effects were seen with cultures of chick embryo sympathetic ganglia. These findings show that purine analog effects on NGF responses can be extended to mammalian and avian neurons. Moreover, the differential effects of the analogs on neurite outgrowth and survival indicate that these 2 actions of NGF can be dissected from one another and may represent different mechanistic pathways.
One of the more intriguing aspects of neurotrophic proteins such as nerve growth factor (NGF) is that a single agent can elicit so wide a variety of responses from its target cells (Levi-Montalcini, 1987) . This raises the issue as to whether a single mechanistic pathway is involved or whether there are parallel or divergent pathways of action. To address this, we have sought to develop means that might dissect the various effects of NGF from one another. In this regard, we have reported that purine analogs can differentially block some, but not other, actions of NGF on the rat PC1 2 pheochromocytoma cell line (VolontC et al., 1989) . For instance, purine analogs suppressed NGF-promoted neurite regeneration and induction of omithine decarboxylase activity in PC12 cell cultures but did not block certain rapid NGFelicited changes in protein phosphorylation, including that of microtubule-associated protein 1.2 (MAP 1.2). We also noted differences among the effects of purine analogs. Most, exemplified by 2-aminopurine (2-AP), were effective in the l-10 mM range. In contrast, 6-thioguanine (6-TG) was effective in the range of about l-l 0 FM. Furthermore, 2-AP blocked the NGFReceived Sept. 18, 1989; revised Nov. 14, 1989; accepted Nov. 15, 1989 . This work was supported by grants NS16036 and NS27680 from the USPHS. We thank Dr. Lorna Role for providing El 1 chick embryos and Dr. John Kessler for generously permitting the use of his cell culture facilities for a portion of these experiments.
Correspondence should be addressed to Lloyd A. promoted induction of c-fos mRNA and the activation of a specific protein kinase activity (protein kinase N), whereas 6-TG, even at high concentrations, did not. The present study has several aims. The first has been to determine whether purine analog actions can be extended from PC1 2 cells to their homologs-sympathetic neurons. A second aim has been to test whether the analogs affect another class of NGF-responsive neurons, namely, sensory neurons, and whether they are also effective in species other than mammals. A third aim has been to continue to use purine analogs to dissect NGF actions from one another. In particular, cultured sympathetic and sensory neurons not only undergo NGF-stimulated neurite outgrowth, but, unlike proliferating PC12 cells (Greene and Tischler, 1976) , show a strong dependence on NGF for survival (Levi-Montalcini and Angeletti, 1963; Varon et al., 1973; Chun and Patterson, 1977; Barde et al., 1980) . They are therefore suitable for determining whether promotion of survival and of neurite outgrowth can be mechanistically separated from one another.
Materials and Methods
Cell culture. Dissociated cell cultures of newborn rat superior cervical sympatheticganglia and of El 1 chick embryo paravertebral sympathetic ganglia were prepared and maintained as previously described (Greene, 1977; Lee et al., 1981) in 35 mm tissue culture dishes coated with rat tail collagen. Cultures of newborn rat dissociated dorsal root ganglia (DRG) were prepared according to previously published pro&d&es (Chalazonitis and Fischbach. 1980: Adler et al.. 1984) and were mainfained in 35 mm dishes coatkd witi collagen anh laminin (10 &ml) in EMEM medium supplemented with 10% horse serum but without chick embryo extract or fetal bovine serum. Plating densities were l-2, 15-20, and 1 O-1 5 ganglia per dish for rat sympathetic, rat dorsal root, and chick sympathetic ganglia, respectively. Where specified, the culture media contained 50 @ml (2 nM) mouse submaxillary gland NGF and the indicated concentrations of 6-thioguanine or 2-aminopurine (Sigma Chemical). The latter were prepared from stock solutions (5 and 100 mM, respectively) in culture medium without serum (VolontC et al., 1989) .
Assessment of neuronal number and neurite outgrowth. For sympathetic neuron cultures, diametric strips (each corresponding to about 10% of the total surface area of the dish) were examined under highpower phase-contrast optics. Counts were made of the number of cells with neuron-like morphology (round, phase-bright with prominent nucleoli) and of the number of such cells bearing neurites. Special care was taken to assure that the processes could be traced back to the soma and did not originate from associated Schwann cells. When NGF was present, approximately 700-l 500 neurons were scored per culture. Similar techniques were employed in evaluating the DRG cultures except that 20 fields on 2 orthogonal axes per culture were examined at 200 x magnification for counting and at 1000 x for tracing processes back to neuronal perikarya. 
Results
Dissociated newborn rat sympathetic ganglion cells were plated with or without NGF and in the presence or absence of various concentrations of the purine analogs 6-TG and 2-AP. In agreement with previous findings, NGF strongly promoted neuron survival so that few neurons survived without NGF even 1 day following plating (Fig. 1) . The data in Figure IA show that the presence of 6-TG at up to 300 FM did not substantially alter the ability of NGF to promote neuron survival. A small degree of toxicity was observed with 2-AP and NGF, but neuronal survival at up to 10 mM 2-AP plus NGF was far higher than in the absence of NGF (Fig. 1B) . The analogs did not promote neuron survival when administered in the absence of NGF (data not shown). In contrast, both 6-TG and 2-AP did affect NGFpromoted neurite outgrowth. The dose-response data given in Figure 2 show that 6-TG and 2-AP suppressed neurite outgrowth, with IC,, values of about 7 PM and 3 mM, respectively. The effects of the purine analogs on cell morphology are illustrated in Figure 3 and reveal apparently healthy-looking cell bodies that do not bear processes. The integrity of the purinetreated cells is further substantiated by the observation that washout of either 6-TG or 2-AP resulted in the outgrowth of neurites (Fig. 4) . With continuous exposure to the analogs, neurite outgrowth remained suppressed; however, after 34 d, the cell bodies began to show signs of deterioration and by 4-6 d of treatment, cell death was apparent.
To determine whether the effects of the purine analogs extend to NGF-responsive cells in addition to sympathetic neurons, newborn rat dorsal root ganglionic cultures were also examined. At 1 d after plating, NGF increased the number of surviving DRG neurons by about 3040% (Fig. 5, A, C) ; this effect on survival was not blocked by levels of 6-TG (300 KM) or 2-AP (10 mM) that effectively suppressed neurite outgrowth in rat sympathetic neuron cultures (Fig. 5) . NGF also increased the proportion of DRG neurons with neurites by 4-Sfold. In contrast to their effects on survival, both 6-TG and 2-AP suppressed this outgrowth (Figs. 5, 6 ). As illustrated in Figure 6 , the effect of the purine analogs on neurite outgrowth was, as in the case of sympathetic neurons, reversible.
Experiments were carried out to observe whether the effects of purine analogs on NGF-promoted neurite outgrowth could be extended across species. Cultures of dissociated El 1 chick embryo sympathetic ganglia were exposed to NGF in the absence or presence of various concentrations of 6-TG or 2-AP. After 1 d, the cultures were assessed for neuron number and proportion of neurite-bearing cells. The data in Figure 7 indicate that neither analog significantly affected NGF-promoted survival, but that both effectively inhibited neurite outgrowth. The effective concentrations of the compounds were very similar to those observed for rat sympathetic neurons (Fig. 2) . 
Discussion
Of the several issues addressed by the present work, one was to determine whether the inhibitory effects of purine analogs on NGF-promoted neurite outgrowth by PC 12 cells also applied to neurons. This is potentially important since a similar sensitivity supports the use of PC12 cells as an appropriate system in which to further study neuronal effects of the analogs.
Our data demonstrate that the analogs suppressed NGF-dependent neurite growth not only for 2 different classes of neurons, but also in both mammalian and avian systems. Moreover, the dose-response relationships for this inhibition in rat and chick sympathetic neuron cultures were highly similar to one another, as well as to that previously determined for PC1 2 cells (Volonte et al., 1989) . This suggests conservation across cell type and species of the step(s) at which the analogs interfere with NGF action. The dose+response relationships for blockade of neurite outgrowth were also comparable to those with which 6-TG and 2-AP suppress the NGF-elicited induction of ornithine decarboxylase activity in PC12 cell cultures (Volonte et al., 1989) . This is consistent with a model in which several diverse actions of NGF can be blocked by the purine analogs DAYS OF CULTURE Figure 4 . Reversibility of the effects of 6-TG and 2-AP on NGFpromoted neurite outgrowth in dissociated cultures of newborn rat superior cervical ganglia. Pairs of replicate cultures were maintained for 1 d with NGF and either 300 PM 6-TG or 10 mM 2-AP (values on the Y axis at day 1). After the percentages of neurite-bearing neurons were assessed, the cultures were washed 4 x with culture medium containing neither NGF nor purine analogs. One of each pair was then fed again with medium containing NGF and the appropriate analog (no washout), while the other received only NGF (washout). On days 2 and 3, each culture was restored for proportion of neurite-bearing neurons. Comparable results were achieved in a replicate experiment.
due to their interference with the same step in the NGF mechanism of action. A second issue addressed here was whether the pathways by which NGF promotes neurite outgrowth and survival could be distinguished from one another by the use of purine analogs. Our data indicate this to be the case. Although the analogs blocked neurite outgrowth, they did not affect NGF-dependent survival for at least several days. Long-term exposure to the analogs did eventually result in cell death, but this seems more likely to be due to the well-established cytotoxicity of these compounds even in the absence of incorporation into DNA (Elion, 1967) rather than to direct interference with NGF action. Our findings are also consistent with prior evidence that promotion of survival and of neurite outgrowth are mediated by different pathways. Wallace and Johnson (1989) have shown that cytosine arabinoside and related compounds block NGFpromoted survival of cultured sympathetic neurons. However, when a proliferation-blocked population of PC1 2 cells was produced by exposure to similar concentrations ofcytosine arabinoside in the presence of serum, they retained the capacity to undergo NGF-stimulated generation of neurites, even in the continued presence of the drug (Greene et al., 1982) . Past experiments with PC12 cells have indicated additional differential effects of purine analogs on NGF actions and thus the presence of at least several distinct pathways in the NGF mechanism (VolontC et al., 1989; VolontC and Greene, 1990) .
One set of actions is sensitive to both 6-TG and 2-AP (as well as other purine analogs). Thus far, this includes ODC induction and neurite outgrowth. A second set is sensitive to 2-AP, but not to 6-TG. This presently includes the induction of c-fos mRNA and the activation of a distinctive protein kinase (PKN; Rowland et al., 1987) . A third category of action appears to be resistant to both 6-TG and 2-AP and includes several rapid NGF-elicited changes in protein phosphorylation. The present findings add promotion of survival to the third set. What might be the common mechanism by which purine analogs promote their differential effects on NGF actions? One attractive hypothesis is via blockade of specific protein kinase activities. There is abundant evidence that the mechanism of action of most growth factors, including NGF, involves the regulation of cellular protein phosphorylation (Halegoua and Patrick, 1980; Yu et al., 1980; Hunter, 1987; Rowland et al., 1987) . 2-AP has been shown to be a partially selective inhibitor of protein kinase activities (Farrell et al., 1977; Mahadevan et al., 1989; VolontC et al., 1989) . This compound also selectively inhibits the induction of @-interferon, c-fos and c-myc expression in several cell lines (Zinn et al., 1988) . Another analog, 6-dimethylaminopurine, inhibits meiotic maturation of mouse oocytes and appears to do so through interference with protein phosphorylation (Rime et al., 1989) . In vitro experiments from our own laboratory (Volonte et al., 1989) have established that purine analogs inhibit a novel NGF-stimulated protein kinase activity designated as PKN (Blenis and Erikson, 1986; Rowland et al., 1987; Rowland and Greene, 1990) . Moreover, the dose- response relationships for this inhibition are quite close to those with which the same analogs inhibit NGF-stimulated neurite regeneration by PC1 2 cells and neurons and ODC induction in PC 12 cell cultures. Various types of experiments failed to detect other protein kinase activities that are affected by 6-TG, while, by the same criteria, 2-AP appeared to be less selective in this regard (Volonte et al., 1989) . Based on such observations, we have raised the hypothesis that PKN may play a necessary role in certain, but not all, actions of NGF and that the inhibitory effects of purine analogs on NGF action are due, at least in part, to their interference with PKN activity (Volonte et al., 1989) . In this scheme, the interaction of NGF with its receptors would initiate a set of kinase-driven pathways, one of which includes PKN activation. The ability of 2-AP to block a wider range of NGF responses than 6-TG would be explained by its lesser specificity as a protein kinase inhibitor. The present data would suggest that neurite outgrowth requires a PKN-dependent event, whereas promotion of survival does not.
